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ABSTRACT

In recent years it has been argued that when XML en-
codings become complex, DOM trees are no longer ade-
quate for query processing. Alternative representations of
XML documents, such as multi-colored trees have been pro-
posed as a replacement for DOM trees for complex markup.
In this paper we consider the use of Generalized Ordered-
Descendant Directed Acyclic Graphs (GODDAGS) for the
purpose of storing and querying complex document-centric
XML. GODDAGs are designed to store multihierarchical
XML markup over the shared PCDATA content. They sup-
port representation of overlapping markup, which otherwise
cannot be represented easily in DOM. We describe how the
semantics of XPath axes can be modified to define path ex-
pressions over GODDAG, and enhance it with the facilities
to traverse and query overlapping markup. We provide ef-
ficient algorithms for axis evaluation over GODDAG and
describe the implementation of the query processor based
on our definitions and algorithms.

1. INTRODUCTION

XML has become a popular approach to storage and trans-
fer of diverse data because of its simplicity and transparency,
as well as because of wide availability of (free) tools for
working with it. Availability of open-source XML-related
standards allows software developers to build XML-enabled
applications in a straightforward manner: XML files are
parsed using a combination of SAX and DOM parsers, con-
structed memory-resident DOM trees are accessed from ap-
plications via DOM API calls. More complex XML man-
agement tasks involve the use of XPath [2] and/or XQuery
[3] expressions for querying the content of DOM trees and
XSLT for converting the content/structure of the tree, usu-
ally, for the purpose of visualizing the data. For simple XML
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data, XPath/XQuery over DOM Trees provide efficient and
convenient way for querying.

However, straightforward approaches to organizing XML
for querying might yield unsatisfactory solutions when com-
plex markup is considered. In [13] Jagadish et al. observed
that querying XML data in the presence of several hierar-
chies for marking up features of the same objects can be
done more efficiently if alternative data structures are used
in place of a number of independent DOM trees for each of
the hierarchies. Jagadish et al. proposed a data structure
called multi-colored tree (MCT) for storing such markup and
discussed efficient query evaluation strategies.

The approach of [13] was designed with data-centric XML
in mind. The multicolored tree structure is built on top of
individual XML nodes. This allows hierarchies of differ-
ent “colors” to share content of some of the nodes. When
document-centric XML is considered, however, there is an
additional dimension, not captured by MCTs: the sharing of
information in the hierarchies occurs at the level of content,
rather than XML elements. Indeed, typically, document-
centric XML documents are built by starting with a text
and introducing various markup on top of it. When more
than one hierarchy is used to encode features of a text, of-
ten the scopes of different markup elements overlap. This is
illustrated on the following example.

EXAMPLE 1. Consider a fragment of [15], shown in Fig-
ure 1. We describe two markup hierarchies for this docu-
ment. First hierarchy describes, using elements <p> (para-
graph), <sentence> and <w> (word), the structure of the text
of the document. Our second hierarchy uses elements <page>
and <line> to describe the physical layout of the text. The
(somewhat simplified) corresponding XML encodings of this
fragment are shown in Figures 2.(a) and 2.(b). Ezamination
of the scopes of the XML elements in these figures reveals nu-
merous overlapping conflicts. In particular, we mention the
conflict between the scope of the <page no="1"> element and
the content of both <p> and <sentence no="14"> elements.
Similarly, the <w> element around the word "fundamental"
overlaps both <line no="1"> and <line no="2"> elements
of <page no="2">. Qverall, even this simple fragment, de-
scribed using just two hierarchies contains sixz pairs of ele-
ments with overlapping content.

Overlap in content of elements means that the markup
presented in Figure 2 cannot be stored in a single XML
document/DOM tree in a straightforward manner. As they
lack facilities to store overlapping markup, it also cannot
be stored in a single MCT. At the same time, storing each



Where there are charges that by one means or another the vote
is being denied, we must find out all of the facts -- the extent, the
The same is true of substantial charges that
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Figure 1: A fragment of a letter detailing the proposed Civil Rights Program to the members of President

Eisenhower’s Cabinet.

hierarchy in a separate DOM tree is inefficient from the per-
spective of query processing. For example, a user query

Find all sentences completely or partially located
on page 1, which contain the word “charges”

requires navigation through both text structure and physical
location markup. Similar to the cases considered in [13],
executing such a query as a join is inefficient. To make
matters worse, the full answer to this query must include
sentence number 14, only partially located on page 1. This
means that the abovementioned query is not expressible in
XPath (or XQuery, for that matter) over the set of the two
encodings in Figure 2.

The goal of this paper is to describe the framework for
representing and querying overlapping XML markup from
different hierarchies. To researchers in the field of document
processing, this problem is known as the problem of man-
agement of concurrent XML [17, 8, 16]. It has been known
since the days of SGML [16], and has found its acknowl-
edgment in the Guidelines of the Text Encoding Initiative
(TEI)[17]. To date, solutions proposed in that community
concentrate on representation, either using XML syntax [17,
8], or going beyond it [12, 7]. In both cases, query processing
is problematic. Computer Scientists started looking at con-
current markup only recently studying both the problem of
automated maintenance of multihierarchical documents [6]
and on data structures for their representation[14].

In [18], Sperberg-McQueen and Huitfeldt have introduced
Generalized Ordered-Descendant Directed Acyclic Graphs
(GODDAGS), a data structure for storing concurrent,/ mul-
tihierarchical markup. A GODDAG combines DOM trees
of individual XML hierarchies together by “tying” them at
the top, root, level and at the bottom, content level. In
[18], Sperberg-McQueen cite the need for appropriate mech-
anisms for building GODDAGs and querying data stored in
them. The former problem had been addressed in [1]. In
this paper, we adopt GODDAG (formally described in Sec-
tion 2) as the data structure for storing concurrent markup.
We then proceed to

e define the semantics of XPath axes over multiple hier-
archies in GODDAG structures (Section 3);

e enhance XPath syntax and semantics with constructs
for capturing overlapping markup (Section 3);

e develop and present efficient algorithms for axis eval-
uation over GODDAG (Section 4);

e conduct a preliminary study of the efficiency of en-
hanced XPath over GODDAG as the means of query-
ing multihierarchical, overlapping markup (Section 5).

2. DATA STRUCTURE FOR OVERLAPPING
HIERARCHIES

2.1 Overlapping hierarchies: why do we need
a new data structure?

As illustrated in Figures 1 and 2, overlapping markup is a
reality when dealing with text encodings. The availability of
free processing tools makes XML attractive for representing
text structure even in this case, even though single DOM
Trees are inadequate for direct representation of the desired
markup.

TEI Guidelines [17] propose two solutions for representing
overlapping hierarchies in the same XML document: mile-
stone elements and fragmentation. Milestones are empty
elements that serve as markers of the place (in PCDATA)
where a certain markup feature begins. The “scope” of
the feature marked up by a milestone element is the PC-
DATA content between this element and another milestone
element, symbolizing the closing tag. For instance, in the
example of Figure 2 we can choose to turn <sentence> into
a milestone element. In this case, each sentence will now
start with a tag <sentence/>.The end of the sentence can
be marked up by a new <sentenceEnd/> tag, or, simply by
the next <sentence/> tag. Use of milestone elements can
solve all overlapping conflicts in the markup - whenever the
scopes of two elements overlap, one of them is turned into
one or two, if needed, milestone elements.

Fragmentation is another technique to avoid markup con-
flicts. Given two elements with overlapping scopes, it works
by splitting one of them into two fragments at the point
where the other markup starts (or ends). Special “glue”
attribute (or attributes) is (are) used to preserve the infor-
mation that the two new elements are parts of the original
single element. For instance, the conflict of the 14th sen-
tence and pages in Figure 2 can be resolved as follows:

<page no="1">...

<sentence no="14" key="1">...</sentence>
</page><page no="2">
<sentence no="14" key="1">...</sentence>
...</page>
The sentence markup <sentence no="14"> was split into



<doc id="CP56483">

<p>

<sentence no ="13"> <w>Where</w> <w>there</w> are
<w>charges</w> that by one means of another the vote
is being denied, we must find out all of the
facts -- the extent, the methods, the results.

</sentence>

<sentence no="14">The same is true of substantial
<w>charges</w> that unwarranted economic of other
pressures are being applied to deny
<w>fundamental</w> <w>rights</w> <w>safeguarded</w>
by the Constitution and laws of the United States.

</sentence>

</p>

...</doc>

(a)

<doc id="CP56483">

<page no="1">

<line no="31"Where there are charges that by
one means of another the vote</line>

<line no="32">is being denied, we must find out
all of the facts -- the extent, the</line>

<line no="33">methods, the results. The same is true of
substantial chargers that</line>

</page>

<page no="2">

<line no="1">unwarranted economic of other pressures are
being applied to deny funda</line>

<line no="2">mental rights safeguarded

by the Constitution and laws of the United</line>

<line no="3"> States.

</page> ...</doc>

(b)

Figure 2: Encoding of the fragment from Figure 1: (a) text structure, (b) physical location.

two fragments related by the same value of the glue attribute
key.

Both milestones and fragmentation succeed in represent-
ing overlapping markup in a single XML document/DOM
tree. However, there is a price to pay at the query processing
time. In both cases the semantics of the constructed DOM
Tree is no longer the semantics of the underlying document.
Indeed, milestone elements have no content in DOM Trees,
whereas the XML elements/features they represent in the
document encoding do have content. Similarly, when frag-
mentation is used, a single feature becomes represented by
more than one XML element, with its content equal to the
union of the contents of the fragments. This causes inconve-
nience at two levels: (a) at the document generation stage
and (b) during query processing.

At the document generation stage human editors are ex-
pected to make decisions about turning elements into mile-
stones or fragmenting them. Methods for automatically do-
ing so are only recently emerging[6].

This paper concentrates on the second inconvenience, namely,

query processing over the DOM trees achieved using frag-
mentation and/or milestones. The issues to be addressed
can be illustrated on the following example. Consider the
milestones approach for answering the question query from
Section 1 using an XPath query. We represent sentences
with single milestones, all sentences document will look as
follows:

<doc i1d="CP56483"> <page no="1"> ... <p/>
<line no="31"> <sentence no ="13"/>
<w>Where</w> . vote< /line>

<line no ="32">is being ... the</line>

<line no ="33">methods, the results.
<sentence no="14"/>The same
<w>charges</w> that</line>

</page>

<page no="2">

<line no ="1"> unwarranted ... deny
<w/>funda </line>

<line="2">mental<wEnd/> ... United</line>

<line="3">States.<sentenceEnd/></line>

</page> ...</doc>

We observe, that it is relatively easy to obtain the <sentence>

elements that are located inside page 1, the XPath query
//page[@no="1"]/sentence will produce the necessary data.
However, this is not the entire query - it is also possible, that
a sentence starts on a previous page and continues on the

current one. To capture all sentence elements we need to
use a more complex XPath expression

//sentence[ancestor: :page[@no="1"] or
following: :sentence[1] [ancestor: :page[@no="1"]]]

Next step is to establish which sentences contain the word
“charges”. If <sentence> had scope, we would have written
the following XPath expression //sentence[descendent: :w
[string(.)="charges"]]. Because <sentence> is a mile-
stone, we must, upon discovering the word “charges” in text,
find the previous (preceding) occurrence of <sentence>. Com-
bined with the expression above (taking into account, that
the word must be “inside” the sentence), we get

//wlstring(.)="charges"]
/preceding: :sentence[1] [ancestor: :page[@no="1"] or
following: :sentence[1] [ancestor: :page[@no="1"]1]1]

This query makes a simplifying assumption that the word
“charges” is not split in the document (imagine how our
search would be complicated if we want to find all sentences
which contain the word “fundamental” on page 2). Another
issue is that this expression will produce a set of empty
nodes. If we want to obtain the actual text of the sentences,
we are looking at significantly more work. In particular,
we must now collect the PCDATA content for each node in
the DOM tree between the milestone <sentence> element
returned as the answer to the query above, and the next
milestone <sentence> or <sentenceEnd> element. This pro-
cess cannot be represented by an XPath 1.0 expression.

An attempt to build an XPath expression for the same
query over the DOM tree obtained as a result of using frag-
mentation leads to similar complications. We can start with
//sentence [ancestor: :page [@no="1"] or

descendant: :page [@no="1"]]

[descendant: :w[string(.)="charges"]]
which will return all sentence fragments that are completely
within page 1. There are at least two problems with this
expression: (i) it fails to deliver sentences that overlap page
1 but contain the word “charges” on another page ' (ii) it
delivers only sentence fragments instead of full sentences.

!Consider, for example, searching for sentences on page 1
that contain the word “Constitution”.



We can remove problem (i) as follows (we consider only in-
cluding the fragments of a sentence that ends after page 1):
//sentence [ancestor: :page [@no="1"] or
descendant: :page[@no="1"] or
(preceding: :page[@no="1"] and string(@id)=
string(preceding: :sentence
[ancestor: :page[@no="1"] or
descendant: :page[@no="1"]]/0@id))]
[descendant: :w[string(.)="charges"]]
Problem (ii), however, cannot be completely solved using
only XPath 1.0 expressions. We must also observe that
queries involving node position are particularly difficult to
be answered using fragmentation model.

The use of both milestones and fragmentation results in
an approrimate representation of the document structure in
a single DOM tree. As shown in the examples above, even
the most simple queries cannot be fully evaluated solely by
XPath processors. In large part, this is due to the severe
restrictions on how structures can be represented by DOM
trees. In the following subsection we try to overcome the
problems of milestones and fragmentation and we propose
a data structure that precisely represents overlapping struc-
tures and allows expressing queries over overlapping hierar-
chies.

2.2 Data structure for representing overlap-
ping hierarchies

We identify three basic principles for choosing a data
structure for overlapping hierarchies: (i) we want to preserve
individual hierarchies inside the complete document repre-
sentation, (ii) we want to easily navigate from one structure
to another, and (iii) we want to capture relationships be-
tween elements in different hierarchies.

It is a fact that complex queries are likely to expensive
(11, 10]). In [13] it is pointed out that, even for complex
hierarchies, a tree-like structure is desirable due its relative
navigation simplicity.

We start by introducing concurrent markup hierarchies
and distributed XML documents. A concurrent markup hi-
erarchy (CMH) is a collection of schema definitions (DTDs,
XSchemas, etc...) that share a single (root) element name,
and no other element names?. Individual schemas are called
hierarchies. Given a CMH C = (Ti,...,Tx), a distributed
XML document (DXD) D over C is a collection of XML
documents (di,...,dy), one for each hierarchy of C, such
that all documents have the same PCDATA content.
Individual documents d; are called components of D. They
are not expected to be valid w.r.t. their schema T3, but must
contain markup only from T;. This separation of markup in
a DXD addresses principle (i) above: each document pre-
serves a structure. Two XML documents in Figure 2 show
us an example of a DXD with two document components: d;
on top (corresponding to a “text” hierarchy), and dz at the
bottom (corresponding to a “physical layout” hierarchy). As
clear from this example, DXDs can incorporate within them
overlapping markup.

Representing DXD components as individual independent
DOM trees is inconvenient, as illustrated in [13]. Instead,
we use a structure called General Ordered-Descendant Di-
rected Acyclic Graph (GODDAG), originally introduced by

2Namespaces can be used to distinguish elements from dif-
ferent hierarchies with the same name, but this fact is not
important for the scope of this paper.

Sperberg-McQueen and Huitfeldt in [18] precisely for the
purpose of storing concurrent markup. Informally, a GODDAG
for a distributed XML document D can be thought of as the
graph that unites the DOM trees of individual components
of D, by merging the root node and the text (PCDATA). Be-
cause of possible overlap in the scopes of XML elements (text
nodes) from different component documents, the underlying
content of the document is stored not in text nodes, but in
a special new type of node called leaf node. In a GODDAG,
leaf nodes are children of the text nodes, and they repre-
sent a consecutive sequence of content characters that is not
broken by an XML tag from any of the components of the
distributed XML document. While each component of D
will has its own text nodes in a GODDAG, the leaf nodes
will be shared among all of them. As a consequence, leaf
nodes have multiple parents: one in each component
of D.

A GODDAG structure for the DXD in Figure 2 is illus-
trated in Figure 3. In the figure, nodes in the “text” hier-
archy are on the top part, whereas nodes for the “physical
layout” hierarchy are at the bottom. Leaf nodes are rep-
resented in the middle as rectangles corresponding to the
PCDATA they cover. Element nodes are explicitly drawn
with names and attribute values. Text nodes are symbol-
ized by T in a circle. To easily identify the nodes, we put
a unique label next to each node. Note here, for example,
that the word “fundamental” is broken into two leaf nodes:
L12:“funda” and L13:“mental”. This allows us to represent
the content of the appropriate <w> element (116) in the first
hierarchy as {L12,L13}, while including L12 and L13 in the
scope of two different <1line> elements (29 and 211 respec-
tively).

To define GODDAG formally, we need to introduce some
notation. For an XML document d we let root(d) denote
the root element of d and nodes(d) — the set of all nodes in
DOM of d. For a node z € nodes(d) we let string(x) be the
PCDATA content of z (as defined in XPath [2]). We also
set start,end : nodes(d) — N to return the offset positions
in string(root(d)) of start tag and end tag respectively for a
node = € nodes(d). If z is a text node, then start(z), end(z)
denote the start offset and end offset respectively. For a
distributed document D we let leaves(D) represent the set
of all leaf nodes in D and we extend the domain of func-
tions string, start, and end over the leaves(D) set. For leaf
nodes these functions are defined in the same way as for text
nodes. We define two new functions, first—leaf,last—leaf :
nodes(D) — leaves(D). Given a node z, these functions re-
turn the leftmost and the rightmost (respectively) leaf nodes
in the subtree of x. If string(x) = ¢, then first—leaf(z),
last—lea f(z) return the first following (respectively the first
preceding), in reverse document order, leaf node for x (or
NIL if such nodes do not exist).

DEFINITION 1. Let D = (du,...,dy be a distributed XML
document. A GODDAG of D is a directed acyclic graph
(N, E) where the sets of nodes N and edges E are defined
as follows:

o N = UY_nodes(d;) U leaves(D)
o E=U {(z,9)|z,y € nodes(d;)A
x is the parent of y} U
U {(z,y)|z € nodes(d;) is a text node,
y € leaves(D)A
start(x) < start(y) < end(y) < end(zx)}
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Figure 3: A GODDAG for the distributed document DX D in Figure 2

A GODDAG data structure solves nicely the problem of
navigation between CMH structures (principle (ii) at the be-
ginning of current subsection): all hierarchies are connected
through a common root node and common leaf nodes. The
data structure also captures relationships among features in
different structures. For instance, in the GODDAG in Fig-
ure 3, we can find all sentences partially or totally located
on page 1: from <page no="1"> (node 21) we navigate down
and find all leaf nodes it contains (leaves L1 to L10); then we
navigate up in the other hierarchy and find all <sentence>
ancestors for these leaf nodes (nodes 13 and 14).

3. QUERYING DISTRIBUTED XML DOC-
UMENTS

XPath is a language for addressing parts of an XML doc-
ument [2]. Although it was initially designed to be used by
XSLT and XPointer, XPath is intensively used as part of
some XML query languages (XQuery), and can be used it-
self to query XML documents. In fact, in XQuery queries,
XPath expressions are responsible for traversing the under-
lying XML document model (DOM tree) to discover re-
quested XML nodes.

As shown in Section 2.1, even simple queries are hard to
express in XPath over representations of concurrent hier-
archies that involve milestone elements and/or fragmenta-
tion. In this section we show that when distributed XML
documents are represented in GODDAG structures, we can
express such queries as path expressions in straightforward
ways. In addition, we show that individual components
of path expressions (we concentrate on axes) have natural
semantics over GODDAG, a semantics that specializes to
XPath over DOM semantics when single-component docu-
ments are considered. We start by discussing how individ-
ual XPath axes can be defined in GODDAGs. After that,
we introduce formal definitions of XPath components over

GODDAG and discuss the evaluation of path expressions.

3.1 Path Expressions Over GODDAG

Recall that XPath uses a tree of nodes model to represent
an XML document. There are seven types of nodes, the
root node (a unique node in an XML document), element,
text, attribute, namespace, processing-instruction, and com-
ment nodes. The main syntactical construction of XPath is
expression. An expression operates on a context node and
manipulates objects of four kinds: node-set, boolean, string,
and numeric.

The instrument for addressing sets of nodes in a document
is the location path composed of one or more steps. Each
step consists of an axis, a nodetest and zero or more pred-
icates. An axis determines the direction of traversal from
the current (context) node, while nodetests and predicates
filter nodes that do not match them. A location path syn-
tax can be summarized as follows (comprehensive syntax is
given in [2]):

locationPath := stepi/stepa/.../stepn,

step := axis::node-test predicate*

predicate := [expression]
The main syntactical construction for a step evaluation is
axis: for each node in the current contert node set an axis
is evaluated to a set of nodes according to the respective
axis definition. The set of nodes from axis evaluation is fil-
tered by the node-test (basically a node type test or a name
test for element nodes) and expression result (evaluated to
true or false) in the context of each node of axis evalua-
tion set (awxis plays the selection role, node-test and predi-
cate play the filtering role). XPath uses 13 azes to address
nodes in a document: ancestor, ancestor-or-self, attribute,
child, descendant, descendant-or-self, following, following-
sibling, namespace, parent, preceding, preceding-sibling, and
self. Formal semantics for XPath axes is given in [2] as well
as in [19, 9].



Figure 4:
GODDAG.
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We illustrate the problem of definition of XPath axes
over GODDAG on the following examples. In the context
of our example from Figures 1 and 2, consider the query
“Find all sentences completely inside page 1". If <page> and
<sentence> markup were in the same hierarchy, we would
have expressed this query using the following XPath expres-
sion:

//page[@no="1"]/descendant: :sentence

But in our GODDAG (Figure 3), they are not. Yet, the rep-
resentation mechanism should not affect our understanding
of the relationship between pages and sentences. By defini-
tion of the descendant axis, a <sentence> node is a descen-
dent of a <page> node if it is located in the <page> node’s
subtree. However, we can describe a descendant relationship
in a different way:

a node z is a descendant of node y iff the content
of x is completely subsumed by the content of y.

When considered over DOM trees, these two definitions are
(almost) equivalent. The key difference between them is
that while the former definition is DOM-specific, the latter
- is not. In Figure 4 we show how the latter definition can be
applied to GODDAG. Here, two components d; and dz of a
DXD are shows. Node p in component d; has content that
subsumes completely the content of node s from component
d2. By applying the definition above, we can state that s is a
descendant of p. Similarly, because the ancestor relationship
is the inverse of the descendant, we can use the same idea
to state that p is an ancestor of s in the GODDAG.

We can use similar intuition to redefine following and pre-
ceding axes. Indeed, a node x follows a node y iff the entire
PCDATA content of z is located after the entire PCDATA
content of y in a DOM tree. This statement is, again, in-
dependent on the DOM tree structure (as opposed to the
definition of the following axis, which relies on the docu-
ment order), and therefore can be transferred to GODDAG,
as illustrated in the Figure 4. Node w of component d2> has
content that lies after the content of node p, hence, we can
state the w follows p and, conversely, p precedes w.

At the same time, not all axes can be redefined in such
a way, in particular, child and parent cannot transcend the
boundaries of a single component in a way descendant and
ancestor do. This is because unlike the notion of descendant,

root

N ! ;
N\, a

‘/A
-

follc:wing—a\)erlapping
Figure 5: Axes for overlap in GODDAG.

childhood-parenthood relations are tied to tree structures: a
node z is a child of a node y iff there is an edge from y to x.
Similarly, preceding-sibling and following-sibling axes rely on
the existence of edges between the nodes in the DOM tree,
not just on the position of the content. These axes, as well
as self will not be extended beyond individual components
of the distributed document.

One more observation can be made. Given a node x of a
DOM tree, the five axes ancestor, descendant, self, preceding
and following partition the entire DOM tree into five disjoint
sets of nodes: that is, every node in the DOM tree will be-
long to exactly one of these axes as traversed from x. This
property, however, does not hold in GODDAG: as shown
in Section 2, there are GODDAG nodes with overlapping
content (See Figure 5). Traversing the GODDAG using any
of the five axes above will never yield any node that over-
laps the context node in content. At the same time, as have
been illustrated, queries over GODDAG require computing
overlap. To accommodate for this need, we consider en-
hancing XPath with three new axes: preceding-overlapping,
following-overlapping and overlapping. Intuitive meaning of
these axes, as illustrated in Figure 5 is quite straightforward:
z is in the result of applying preceding-overlapping axis to y
iff x and y overlap in scope and z starts before y. In this case,
y will be in the result of following-overlapping applied to x.
The overlapping axis is the union of preceding-overlapping
and following-overlapping.

We can now proceed to give formal definitions to XPath
components over GODDAG, including the enhances appa-
ratus to support markup overlap.

3.2 XPath over GODDAG

Let D be a distributed XML document over a concurrent
XML hierarchy C = (Ti,...,T). We define 11 new XPath
axes, over the distributed document D, in the context of a
node z € nodes(D): zancestor, zdescendant, rancestor-or-
self, zdescendant-or-self, xfollowing, xpreceding, following-
overlapping, preceding-overlapping, overlapping, rancestor-
or-overlapping, and zdescendant-or-overlapping. The first
six axes are versions of the corresponding XPath axes ex-
tended to GODDAG. The remaining five axes do not have



analogs in XPath.
Following the semantics of XPath, for each new axis, &,
we define the corresponding evaluation function

X : nodes(D) — 2m0%e()

where X(z) returns the set of nodes corresponding to axis
X evaluated for the context of node x € nodes(D).

Xancestor/zdescendant axes are defined using superset/
subset relation on the content of the nodes, represented via
a set of leaf nodes in the GODDAG. To define zfollowing
and zpreceding axes, we extend the document order onto the
GODDAG. However, the document order over a GODDAG
will no longer be total: overlapping markup will be incom-
parable.

DEFINITION 2. The following new axes are defined:

1. zancestor ::= ancestor(z) U

{y € nodes(D—docp(x))| start(y) < start(z) < end(z) <

end(y)}.

2. xzdescendant = descendant(z) U {y € nodes(D —
docp(z))| start(z) < start(y) < end(y) < end(z)}.

3. zancestor—or—sel f ::= xzancestor(z) U {z}.
4. xdescendant—or—self ::= xdescendant(z) U {z}.

5. xzfollowing ::= following(z) U
{y € nodes(D — docp(x))| start(y) > end(x)}.

6. zpreceding ::= preceding(z) U
{y € nodes(D — docp(x))| end(y) < start(x)}.

7. following—overlapping ::= {y € nodes(D)| start(z) <
start(y) < end(z) < end(y)}.

8. preceding—overlapping ::= {y € nodes(D)| start(y) <
start(z) < end(y) < end(x)}.

9. overlapping ::= following—overlapping(x)
U preceeding—overlapping(x)}.

10. zancestor—or—overlapping ::= rancestor(z) U
overlapping(z).

11. zdescendant—or—overlapping ::= xdescendant(z) U
overlapping(z).

We give some examples of the extended axes for the GODDAG

shown in Figure 3. (we use node labels to identify nodes in
the graph)

scope of node 26 ends, it belongs to the result of evaluation
of the following-overlapping axis. Incidently, text node 115
also overlaps node 26 on the right, thus it is added to the
result as well.

Remark. We note that Definition 2 allows a node =
to be both an xzdescendant and an xancestor of a node y:
if start(z) = start(y), end(z) = end(y) and they are in
different documents.

Proposed axes allow us to express queries to multihierar-
chical (distributed) documents in a straightforward manner.
Consider, for example, the following queries:

(Q1): Find all sentences completely located on page 2;

(Q2): Find all words located on two lines;

(Q3): Find all sentences completely or partially located on
page 1 of the document, that contain the word “charges”;
(Q4): Find all occurrences of the word “Constitution” after
page 1.

Table 1 shows the path expressions for these queries.

We can now proceed to describe the evaluation of the
newly defined axes.

3.3 Evaluation of extended XPath axes

Let D be a distributed XML document and X — an ex-
tended XPath axis. We define extended axis restriction to
each component d; of D as

X : nodes(D) x docs(D) — 2m0%es(d;)
X(x,dj) = X(x) Nnodes(d;), 1<j<Ek.

The axes zancestor, xzdescendant, xfollowing, zpreceding,
zancestor-or-self and zdescendant-or-self. extend the se-
mantics of their counterparts in regular XPath. We say
that such an extended axis X is dual to its respective regu-
lar XPath axis A and we denote this by A = dual(X). The
following results follow directly from Definition 2 and show
that the first six extended axes specialize to the semantics
of their duals.

THEOREM 1. Let X denote one of the axes in Definition
2(1-6) and let A = dual(X). Then for a distributed XML
document D = (d1,...,dg) and Vx € nodes(D),

X(z,docp(x)) = A(z)

COROLLARY 1. Let X denote one of the azxes in Defini-
tion 2(1-6) and let A = dual(X). Then for a distributed
XML document D = {d) and Vz € nodes(D),

X(z) = A(x)

An extended XPath axis is evaluated for each node in

(A) zdescendant(21) = {22, 24, 26, 23,25,27,14,16,17,19,110, 13 union of node-sets over the distributed document and a

15,18,12,112,114,113}.

Note 21 corresponds to the <page no="1"> markup. The
zdescendants of this node are all its descendants in the
“physical layout” component (lines 31, 32 and 33 and cor-
responding text nodes) as well as the contents of sentence
13 (nodes 12,13,15,18 and the corresponding text nodes). In
addition, parts of sentence 14 (node 113 and text nodes 112
and 114) also are xdescendants of 21. At the same time,
sentence 14 itself is not an xdescendant of page 1.

(B) following—overlapping(26) = {111,115}

Node 26 represents <line no="33"> markup from page 1.
The scope of its content is leaf nodes L7—L10. The scope
of node 111 (<sentence no="14"> is L8—L15: because it
starts after the scope of node 26 starts and ends after the

union of node-sets corresponding to the evaluation is re-
turned. Each node in the returned set of nodes constitutes
the context node for the (possible) subsequent axis. In Ta-

S : Axis — NodeSet — NodeSet
S[X](N1 U...UNy) = UL S[X](V)
S[[XH(NZ) = U?=1 Uzen; X(CE?dj)

Table 2: Extended XPath axes evaluation

ble 2 we capture the semantics of the extended XPath axis
evaluation, starting with a set of context nodes. However, a
straightforward implementation of the semantics in Table 2
(for each node in the input set, evaluate the axis by visiting



Query | Path Expression

Q1 /xdescendant: :page [@no="2"] /xdescendant: : sentence

Q2 /xdescendant: :word [overlapping: :1line]

Q3 /xdescendant: :page[@no="1"]/xdescendant-or-overlapping: :sentence[descendant: :w[string(.)="charges"]]
Q4 /xdescendant: :page [@no="1"]/xfollowing: :w[string(.)="Constitution"]

Table 1: Using newly defined axes to express queries over multihierarchical XML documents.

all nodes in the target document) would lead to a quadratic
time complexity in the size of nodes in D.

Before proceeding further, in order to precisely define a
step evaluation, we need to give the semantics for a predicate
evaluation. A predicate (and consequently an ezpression) is
evaluated in a context of a node in a current node-set. An
extended XPath axis evaluation holds a union of node-sets
over the distributed document. The semantics of a predicate
p evaluation for a node in the context of union of node-sets
over a distributed document is summarized in Table 3.

S : Predicate — (Node, Uy NodeSet) — boolean
S[P](z, N1 U...UNy) = S[P](z,N;), © € N;

Table 3: Extended XPath axes evaluation

Using the semantics in Table 3 it makes sense to use a
function like position() which is strictly related to the doc-
ument order (no total document order is defined over a dis-
tributed XML document).

Let 1 <1i,j < k,i# j, 1,72 € nodes(d;), ©1 < x2. The
following theorems establish important results about how
the order of nodes in an axis evaluation (for a node = € d;
in a target document dj) is related to the order of nodes in
the input set of nodes.

THEOREM 2. Let X denote the xancestor axis.

1. Vy1 € X(z1,d;), Vz € nodes(dj), start(z) > start(x1)V
start(z1) < start(z) < end(z) < end(z1) then y1 < z.

1. Yy1 € X(x1,d;), Vz € nodes(d;), end(x1) < start(z)
then y1 < z.

2. If start(z1) < start(zz) < end(z2) < end(x1) then
X(:El,dj) 2 X(xz,dj).

3. If end(z1) = start(xzz2) then X(x1,d;) N X (z2,d;)
{y € nodes(d;) : end(xz1) = start(y) = end(y) =
start(xzz)} and Vy1 € X(x1,d;) — X(z2,d;), Yy2
X(z2,d;) — X(x1,d;) then y1 < ya.

4. Ifend(z1) < start(zz2), Vy1 € X(x1,d;), Yy2 € X(x2,d;)
then y1 < yo.

PROOF. (1) We have start(yi1) < end(z1) < start(z).
Hence y1 < z.
(2) Vy € X(x2,d;) we have start(z1) < start(z2) < start(y) <
end(y) < end(xz2) < end(x1). It follows that y € X (x1,d;),
thus X(£E1,dj) 2 X(l’z,dj).
(3) Yy € X(x1,d;)NX (x2,d;), y # NIL we have start(z1) <
start(y) < end(x1) and start(zz) < start(y) < end(z2).
It follows that end(z1) = start(y) = start(xz). Similarly
we get end(z1) = end(y) = start(xz). Conversely, for
y € nodes(d;), end(z1) = start(y) = end(y) = start(xzz)
it follows that start(zi) < start(y) < end(y) < end(z1)
and start(x2) < start(y) < end(y) < end(xz2), hence y €
X(.’El,dj) N X(IL‘Q, dj)

m

Suppose that X (z1,d;)—X (z2,d;) # 0, X(x2,d;)—X(21,d;) #

(. Then start(y1) < end(y1) < end(xz1) < start(zz) <
start(y2) < end(y2). Moreover, start(z2) < end(y2). Then
start and end tags of y2 must come after the end tag of y1,
S0 Y1 < Y2.

2. If start(z1) < start(x2), Yy € X(x1,d;), Yy2 € X (x2,d;)— (4) We have start(y1) < end(z1) < start(zz2) < start(yz),

X(z1,d;) then y1 < ya.

3. If start(xz1) = start(z2) < end(xz2) < end(z1), then
X(wl,d]’) g X(:L'z,dj).

hence y1 < y2. U

THEOREM 4. Let X denote the xfollowing azis and A de-
note the following axis. Let x € nodes(d;), 1 <1i,5 < k,i #
j, and let y = parent(d;,last—leaf(z)). Then X(z,d;) =

4. If start(z1) = end(z1), then for Vo € nodes(d;), start(z1) =A(y)-

start(xz) we have X (x1,d;) 2 X(z,d;).

PROOF. (1) We have start(y1) < start(z) or start(y:) <
start(z1) < start(z) < end(z) < end(z1) < end(y:), hence
Y < z.

(2) We have start(y1) < start(z1) and start(z1) < start(yz) <

start(zy). If start(z1) < start(yz) we are done: start(yi) <
start(y2) hence y1 < ya. If start(xz1) = start(yz) then we
must have end(y2) < end(z1) < end(y1). It follows also that
Y1 < y2.

(3) Let y1 € X(x1,d;). We have start(y1) < start(z1) =
start(ze) < end(zz) < end(z1) < end(y1). Hence y1 €
X (z2,d;), therefore X(z1,d;) C X(z2,d;).

(4) Let y € X(x,d;). We have start(y) < start(z) =
start(z1) = end(z1) < end(z) < end(y). It follows that
y € X(x1,d;) hence X(z1,d;) 2 X(x,d;). [

THEOREM 3. Let X' denote the xdescendant axis.

PROOF. Since y = parent(d;,last—leaf(x)), then end(x) <
end(y).
Let z € A(y). Then end(y) < start(z).
end(x) < start(z), hence z € X(z,d;).
Conversely, let z € X(z,d;). Then end(z) < start(z), so
start(y) < start(z). Since y is a parent of a leaf node, it
must be a text node. So z is not a descendant of y. It follows
that z € A(y).
This proves that X (z,d;) = A(y). O

It follows that

THEOREM 5. Let X denote the xpreceding azis and A de-
note the preceding azis. Let x € nodes(d;), 1 <i,j < k,i #
J, and let y = parent(d;, first—leaf(x)). Then X(x,d;) =
A(y).

Theorems 4 and 5 establish that zfollowing and xpreceding

axes can be computed from following and preceding respec-
tively, for appropriate context nodes in the target document.




For a node = € nodes(d;) we define the test nodes set of
z for the following-overlapping axis X in d; as X(z,d;) =

A(parent(d;, last—leaf(z1)))N{z € d; | start(z) < start(z) <

end(z) < end(z)}.

THEOREM 6. Let X' denote the following-overlapping axis
and A denote the ancestor-or-self axis.

1. X(xl,d ) C X(:L'l,d )

2. If start(z1) < start(z
($17 ) 2 X(x27 )

2) < end(z2) = end(x1) then

3. If end(z1) <
X(z2,d;) we have y1 < y2 and X (z1,
0.

start(x2) then Vy1 € X(x1,d;), Vy2 €
dj)ﬂX(xz,dj) =

4. Ifend(z2) < end(z1) then Yy, € X(x1,d;)NX (x2,d;), Vy2 €

X(z2,d;) — X(x1,d;) then y1 < y2.

have that start(y:) < start(z1) and start(z1) < start(yz) <
start(zzg) Hence y1 < ys.

Let z € X (22,d;). If X(z2,d;) =
end(z) < end(zz2). Hence start(m) < start( ) therefore
z ¢ X(x1,d;). It follows that X (z1,d;) N X (za,d;) =0. O

4. ALGORITHMS FOR EVALUATION OF
XPATH EXTENDED AXES OVER CON-
CURRENT XML MARKUP

Polynomial time evaluation algorithms for XPath queries,
using DOM representation of an XML Document, are given
in [11, 9]. An algorithm that evaluates XPath axes in linear
time (in the size of nodes in the input XML document) is
also given in [9].

In this section we present linear time complexity algo-
rithms for evaluation of zancestor, xdescendant, following-
overlapping, and preceding-overlapping for a set of nodes in a

ProoF. (1) Let y1 € X(z1,d;), and p = parent(d;, last—leaf(zd)}tributed XML document. As stated in theorems 4 and 5,

We have that start(zi) < start(yl) < end(z1) < end(y1)
and start(p) < end(z1) < end(p). Hence y; ¢ following(p)
and p ¢ following(y1). Since p has no descendants (ex-
cept for leaf nodes), it follows that p is a descendant of y.
From Definition 2 it follows straight forward that y1 € {z €
d; | start(z1) < start(z) < end(z1) < end(z)}. Hence
X(l‘l,d]‘) Q X(:E1,dj).

(2) Let yo € X(x2,d;). We have start(z1) < start(zz) <
start(yz) < end(xz2) = end(z1) < end(y2). It follows that
y2 € X(x1,d;), hence X (z1,d;) D X (x2,d;).

(3)We have start(xz2) < start(yi) and start(y1) < end(z1) <
start(z2). Hence y1 < y2.

Let z1 € X(x1,d;). Then start(z1) < end(x1) < start(zz).
So z3 ¢ X (z1,d;) and therefore X (z1,d;) N X (22,d;) = 0.
(4) We have that start(y1) < end(z2) < end(z1) < end(y2)
and start(y2) < end(zz) < end(y2) < end(xi). Hence
end(yz2) < end(y1), therefore y1 < y2. 0O

For a node = € nodes(d;) we define the test nodes set of
x for the preceding-overlapping axis X in d; as X(z,d;) =

ancestor—or—sel f (parent(d;, first—leaf xl)))ﬂ{z € dj | start(

start(z) < end(z) < end(x)}.

THEOREM 7. Let X denote the preceding-overlapping azis
and A denote the ancestor-or-self awis.

1. X(x1,d;) C X(x1,d;).

2. If start(x1) = start(z2) < end(z2) < end(x1) then
X(:L‘l,d ) ;) X($27d )

3. Ifend(x1) < start(xzz) then X (z1,d;) N X (z2,d;) = 0.

4. If start(z1) < start(zz) < end(z2) < end(xi) then
Yy € X(x1,d;), Yy2 € X(x2,d; ) X(z1,d; ) y1 < Y2.
Moreover, if X (z2,d;) = 0 then X (z1,d;)NX(x2,d;) =

0.

PrROOF. (1) and (2) follow from using dual arguments as
in the proof of Theorem 6.
(3) Let y1 € X(z1,d;). We have start(y1) < start(z1) <
end(y1) < end(x1) and therefore end(y1) < end(z1) <
start(xg) Hence y, ¢ X (z2,d;). It follows that X (x1,d;) N
F(@a,d;) = 0.
(4) Let y1 € X(x1,d5), y2 € X(x2,d;) — X(z1,d;). We

zfollowing and xpreceding can be computed in a straightfor-
ward manner using the algorithms for efficient evaluations of
the following and preceding axes ([9] gives linear time algo-
rithms for this). Finally, zancestor-or-self, xdescendant-or-
self, overlapping, rancestor-or-overlapping, and xdescendant-
or-overlapping axes are derivatives of the other six, and their
their computation a simple set union operation.

Figure 6 shows the pseudocode of the four algorithms for
evaluation of zancestor, rdescendant, following-overlapping,
and preceding-overlapping axes, and a wrapper algorithm
evaluating the axes on a node set. Each of the algorithms 1,
2, 3, and 4 takes as the input a set of nodes N; C nodes(d;),
in increasing order in d;, and a target document d; where the
output set of nodes Nj is to be evaluated. In each algorithm
pseudocode we use keywords like iszancestor, isxdescendant
etc., as shortcuts of the tests in Definition 2 for the respec-
tive axis ( zancestor, zdescendant, etc.).

Algorithm 1 evaluates the zancestor axis. The algo-
rithm selects first only the nodes that start at distinct po-
sitions (lines 5-9), as nodes starting at the same position
)h ave overlapping zancestors (Theorem 2(3 and 4)). Then
the xzancestor nodes are added to the output set of nodes as
each node in target document d; is visited. Each node in N;
and each node in d; is visited once. The correctness of this
algorithm follows from Theorem 2.

Algorithm 2 evaluates the set of zdescendant nodes in d;
for each node in the input set N;. The algorithm checks for
each node y € nodes(d;) whether or not y is an zdescendant
of a node in N;. Each node in N;, as well as each node
in nodes(d;) is visited only once. The correctness of the
algorithm follows from Theorem 3. Nodes in N; and nodes
in d; are visited in their document order, based on the order
preserving properties in Theorem 3(3,4). Special treatment
for nodes without text node descendants (start and end tags
are at the same position) is implemented in lines 5-7.

Algorithm 3 computes the following-overlapping set of
nodes for an input set N; C d; and a target document d;.
For each node z in the input set, all test nodes of = in d;
are examined. The correctness of the algorithm follows from
Theorem 6. The algorithm uses a stack mechanism (lines 6-
18) to ensure that for any node = € N;, the descendants of
x that have the same end tag position as = are skipped (cf.
Theorem 6(2), these nodes have the same test nodes set as
x). As it follows from Theorem 6(4) it might be the case that

(0 then start(z) = start(zs2) <



Algorithm 1: xancestor evaluation
XANCESTOR(N, dj)
(1) Nj=0
(2)  x <« first node in N;
(3)  y— root(dy)
(4)  whiley # NIL Az # NIL
(5) while next node in N; starts at
start(z)
if start(x) # end(x)
x «— next node in N;
else
next node in N;
) if y isxancestor of =
) append y to N}
) y < next node in d;
) else if start(z) < start(y)Vstart(z) <
end(y) < end(x)

14) z «— next node in N;
15) else
16) y < next node in d;
17) return N;

Algorithm 3: following-overlapping evaluation
following—overlapping(N;, d;)
1 N;i=90
2) stack S = empty
) index — 0
S.push(indezx)
foreach z € N;, start(z) < end(x)
if end(z) = index
continue
else if end(z) > index
index — end(z)
i «— S.peek()
if index > i
S.pop()
else if index =1
S.pop()
continue
else
S.push(index)
index = end(x)
foreach y € X(x,d;)
if y isfollowing-overlapping x
if y € N
break
append y to N}
return N

NPANGA NI N2 N AN A AN N

Algorithm 2: xdescendant evaluation
XDESCENDANT(N;, d;)
1) N =0

(2) T + first node in N;

(3) y e root(dy)

(4) while y 2 NILANxz # NIL

(5) if start(xz) = end(z) and the next node

in N; starts at start(z)
x <« next node in N;
continue
if y isxdescendant of =
append y to N}
y < next node in d;
else if end(z) < start(y)
x < next node in N;
else
y «— next node in d;
return N;

NSNS NI

Algorithm 4: preceding-overlapping evaluation
following—overlapping(N;, d;)

) N -

2)  current—index «— 0

)  foreach z € N;, start(z) < end(x)

) foreach y € X(x,d;)

) if start(y) = current—index
) continue

) if y ispreceding-overlapping x
) if y e N

) break

0) append y to N}

1) current—index «— start(y)
2

(
(3
(4
5
(6
(7
(8
9
(1
(1
(12) return Nj

Algorithm 5: Extended XPath axis evaluation
Input: N =N U...UNg
Output: N'=N;U...UN;

Xevaluation(N)

(1) forj=1tok

(2) N;=0

(3) fori=1tok,i#j
(4) NJ/<—NJIUX(N¢,d])
(5) N; — NjUA(N;)

(6) return N{U...UNj

Figure 6: Algorithms for evaluation of Extended XPath axes.



some of the nodes in d; visited as test nodes for some node
x € N, are visited again as test nodes for some of the chil-
dren of x. This happens if x has no following-overlapping
nodes but some child does. However, this situation does
not propagate down to z’s other descendants (since the re-
spective child node of z has following-overlapping nodes).
Moreover, different children of = visit different nodes in the
test nodes set of x. Consequently, no node in d; is visited
more than two times.

Algorithm 4 evaluates preceding-overlapping axis for a
set of nodes N; € nodes(d;) and a target document d;, i # j.
The algorithm finds the preceding-overlapping nodes for each
node z in the input by examining the test nodes set for =
in d; (correctness follows from Theorem 7(1). Similarly to
Algorithm 3, there are cases (Theorem 7(4)) when some of
the nodes in d; are visited more than once. A argument
mirroring the one for Algorithm 3, can easily lead to the
conclusion that no node in d; is visited more than two times.

THEOREM 8. Algorithms 1, 2, 3, and 4 evaluate extended
XPath azes for a set of nodes N; C nodes(d;) and a target
document d; in O(|N;| + |nodes(d;)|) time.

THEOREM 9. Algorithm 5 computes X(N), N C nodes(D),

in O(k|lnodes(D)|) time.

We need to conclude this section by specifying how the or-
dered set of nodes N7,..., N, can be obtained as the output
of each azxis evaluation within the time complexity bounds
established by Theorem 9. Note that algorithms 1-4 use
ordered node-sets as input but they not necessarily pro-
duce output node-sets in document order (per each docu-
ment). Since the output node-sets of a step evaluation are
the input of the subsequent step we need to make sure that
Algorithm 5 (Figure 6) produces ordered node-sets. This
property can be easily achieved by regenerating the output
node-sets Ny, ..., Ny from the output Ni,..., N, of Algo-
rithm 5 as follows: for each document d;, 1 < j < k, visit
all nodes in document order and output in N}’ only nodes in
Nj. This operation takes no more than O(|nodes(D)|) time,
hence the complexity bound in Theorem 9 still holds.

S. EXPERIMENTAL RESULTS

We have fully implemented in Java an extension of XPath
language that includes all the axes described in Definition 2.
We call this processor GOXPath. In this section we describe
our preliminary study of the efficiency of this processor.

We compare the performance of GOXPath to the perfor-
mance of two baselines. Our first baseline is the perfor-
mance of Xalan XPath processor [4] on XPath queries that
are equivalent to the enhanced XPath queries processed by
GOXPath. For our second baseline we have implemented
the TEI-recommended method of representing concurrent
markup using fragmentation [17]. On top of DOM trees
generated using this method we have built a processor eval-
uating the same axes as GOXPath. We call this processor
FragXPath.

Three experiments have been conducted and are reported
here. The goals of the experiments were: (a) to compare the
execution of GOXpath queries with the execution of equiv-
alent XPath queries by Xalan on a document representa-
tion that used milestones; (b) to compare the evaluation of
a path expression in GOXPath and FragXPath; (c) to test

the running time of evaluating the axes from Definition 2 for
GOXPath. The tests were run on a Dell GX240 PC with
1.4Ghz Pentium 4 processor and 256 Mb main memory. The
data input for the first two experiments was a distributed
XML document obtained by multiplying the XML samples
shown in Figure 2. For the third experiment we randomly
generated XML data as described below.

Experiment I. For this experiment we used the query from
from Section 1. The Xalan processor working on the docu-
ment with milestones received the following query:

/descendant: :w[string(.)="charges"]
/preceding: :sentence[1] [ancestor: :page[@no="1"] or
following: :sentence[1] [ancestor: :page[@no="1"]1]]

GOXPath was evaluated on the query:

/descendant: :sentence [descendant: :w[string(.)=
"charges"] and (xancestor::page[@no="1"] or
overlapping: :page[@no="1"])]

The results of the experiments are shown in Figure 7 and
they clearly show that GOXPath outperforms Xalan used for
milestones. The experiment has two parts: (i) we tested the
two queries on documents of increasing size (left), and (ii) we
tested the queries on documents of approximately® the same
size but increased the number of hierarchies (right). In the
first part, the size of the document is measured in the num-
ber of repetitions of the XML fragment from Figure 2. The
graph shows that while the processing time for GOXPath
increased linearly and slowly with the increase in the size
of the document, the running time of Xalan increased dras-
tically, showing, what appears to be quadratic dependency
on the size. For the second part, we used 100 repetitions of
the abovementioned fragment. We then created four extra
markup hierarchies with three XML elements in each hier-
archy and marked up the content with 3-4 elements from
each additional hierarchy. The graph shows that increase in
the number of hierarchies did not affect the running time
of GOXPath processor, but increased the running time of
Xalan.

Experiment 2. In the second experiment we have tested the
query /descendant: :page/xdescendant: :* on both GOX-
Path and FragXPath processors: The query expresses basic
relationship between features of different structures. In this
case, all features (over all hierarchies) strictly contained in
“page” markup are returned. The results are shown in Fig-
ure 8 (left). The size of the document was measured the
same way as in Experiment 1, only now, we tested for 5000
and 10000 repetitions as well. It takes around 3 seconds for
GOXPath to process this query over the largest document,
while FragXPath takes just under 14 seconds.

Experiment 3. The tests for this experiment were run on
randomly generated distributed XML documents with 5 com-
ponents over 100,000 character content string?. As the inde-

3The extra nodes introduced by fragmentation to preserve
well-formedness are compensated by the extra leaf nodes in
GODDAG.

4We have used the same DTD repeated five times, with
tags renamed in each copy. The DTD contained 10 XML
elements. The XML files generated for the tests ranged from
135Kb to 1MB.
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pendent variable we use the number of nodes in the GODDAG
of the distributed XML document. For each tested value, we
have generated 10 distributed XML documents and evalu-
ated the axes xancestor and preceding-overlapping on a con-
text node set that included all nodes in the GODDAG. The
average times obtained in the test are reported in graph in
Figure 8 (right). The results show that the time it takes to
evaluate one axis is linear in the size of the GODDAG.

The experiments conducted here are preliminary and a
more extensive testing is currently underway. But even
these experiments show that our XPath implementation over
GODDAG is efficient enough to be used in practice (and in
fact, it is used as part of a larger suite of tools). The experi-
ments also suggest, that GOXPath is, indeed, more efficient
than executing queries over TEI-recommended representa-
tions of concurrent markup.

6. RELATED WORK

Related work comes from two directions: research in alter-
native data structures for XML representation and studies of
concurrent XML and research in alternative data structures
to represent XML.

I
50 100 150 200 250 300
Number of nodes in distributed XML document [thousands]

and preceding-overlapping.

Our work is similar in some respects to the work of Ja-
gadish et al [13]. The multi-colored trees (MCT) data struc-
ture proposed in [13] is designed to store XML trees of dif-
ferent hierarchies in a shared manner in order to speed up
tree pattern queries. We used the GODDAG data structure
for the very same reason. Both [13] and this work study
the semantics of XPath over the respective data structures,
enhance it with functionality necessary to fully represent
queries.

The key difference between [13] and our work is in the
scope of XML data for which the data structures studied
are applicable. MCTs of Jagadish et al. are designed with
data-centric XML in mind, they allow sharing of nodes, but
no overlap, and the content of individual hierarchies may
(and will) be different. At the same time, GODDAG is pri-
marily designed to store multihierarchical document-centric
XML documents. It allows overlap in node content, but re-
quires that all hierarchies share exactly the same PCDATA
content.

In Sections 1 and 2 we have mentioned a number of dif-
ferent approaches taken by the document processing and
computing in humanities researchers to representation of



concurrent XML. Text Encoding Initiative Guidelines [17]
propose the use of fragmentation and milestone elements,
described in detail in Section 2. Durusau and O’Donnell [8]
proposed Bottom-Up Virtual Hierarchies (BUVH), a repre-
sentation that encoded with XPath expressions the path to
each “leaf” node in each hierarchy. They have also advo-
cated putting all markup in a single (no longer well-formed
XML) file and using lazy evaluation for actual processing [7].
Other non-XML markup languages, such as TexMECS de-
veloped by Sperberg-McQueen and Huitfeldt [12] have been
also proposed. On the Computer Science side, Dekhtyar and
Tacob[6] have looked at the algorithms for automatic con-
struction and maintenance of concurrent XML documents
using fragmentation, while Jarmoczyk and Moore [14] have
looked at segment trees as the means of representing con-
current XML. None of these works addressed the question
of querying the studied representation.

Recently W3C has released a working draft of XQuery
and XPath Full-Text [5]. This proposal enhances XPath
functionality with more full-text operations and Informa-
tion Retrieval-style ranking queries, but it does not address
directly the questions studied in this paper, namely, rep-
resentation and querying of multihierarchical, overlapping
markup.
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